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DOI: 10.1039/c001261kHerein we report the crystal structures of tubular self-assemblies of flexible macrooligolides. The
assembly is driven by the propensity of the macrocycles to create nearly flat structures displaying a void
space within them and the cooperativity of weak directional interactions such as dipole–dipole
interactions and CH/O hydrogen bonds and non-directional interactions such as van der Waals
contacts. The significance of the stereochemistry and the size of the cavity in the formation of the
nanotubes are also studied.Introduction
The tubular structure is a very important kind of architecture in
chemistry. Indeed natural nanotubes often display remarkable
functions that have inspired a vast research on synthetic organic
nanotubes either for a comprehensive study about the building
processes or for the creation of simpler and tailored nanotubes.1
One of the most preferred strategies to accomplish a synthetic
tubular structure is through self-assembly by stacking of
macrocycles. Ring-shaped molecules of flat conformation as well
as the right moieties arranged in a suitable way in the macrocycle
employed are usually compulsory requirements for the induction
of the cooperative action of weak bonds that leads to stable
tubular complexes. Cyclic molecules may adopt or even intrin-
sically have a ring shape that generates a void space within them.
That is the reason why self-assembled nanotubes are usually
composed of macrocycles displaying not only moieties conferring
rigidity such as multiple bonds and particularly aromatic rings,
but also functional groups capable of generating a directional
non-covalent interaction such as p-stacking and hydrogen bond
interactions. Indeed, among the plethora of reported organic
nanotubes, those built from macrocycles of such characteristics
are majority: cyclic peptides,2 calix[4]arenes,3 cyclic oligomers of
urea,4 cyclodextrins,5 cyclic oligosaccharides,6 crown ethers7 and
cyclophanes8 are common building blocks. However weak
interactions, such as dipole–dipole and van der Waals inter-
actions as far as we know, have never been used as the principal
interactions to build a nanotube. Only recently, it has been
described the formation of an organogel based on the self-
assembling stacks of a boomerang-shaped molecule using dipole–
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3676 | CrystEngComm, 2010, 12, 3676–3683We have recently reported the synthesis of chiral cation
receptors using 2-oxymethyl-3-oxy-tetrahydropyran as mole-
cular scaffold and its use in host–guest chemistry10 and as
a model for the quantitative measurement of a CH-p inter-
action.11 Although we expected that these molecules would be
very flexible, in these previous works we realized that the back-
bone of these macrocycles seems to have inherent conformational
preferences. Thus we decided to study the crystal structure of this
kind of macrooligolides to check the influence of the stereo-
chemistry of the tetrahydropyran (cis for compounds 1 and 2, and
trans for compounds 3 and 4), and the size of the macrocycle on
the formation of nanotubes (Scheme 1). We also studied their
ability to stack by weak interactions, such as dipole–dipole,
CH/O hydrogen bonds and van der Waals interactions.12Results and discussion
Macrodiolides 1 and 3 were synthesized by a macrolactonization
step from the appropriate hydroxy-acids. Additionally, along
with the macrodiolides, the macrotetraolides 2 and 4 were
obtained in the same reaction as the result of concomitant
intermolecular esterification and macrolactonization (Scheme
2).10 All compounds were characterized by standardScheme 1 Schematic representations of the self-assembled nanotubes.
Structures of macrodiolides 1 and 3, and macrotetraolides 2 and 4.
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Scheme 2 Synthesis of the macrooligolides. Reagents and conditions: a)
2,4,6-trichlorobenzoyl chloride, Et3N, DMAP, THF (0.01 M)/ toluene
(0.001 M), D.
Table 1 Crystallographic data and details of measurements for
compounds 2–4
Compound 2 3 4
Chemical formula C32H48O16 C16H24O8 C32H48O16
Molecular weight 688.71 344.36 688.71
T/K 293 293 293
Crystal size/mm 0.450.30.3 0.40.350.3 0.40.30.25
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21 C2 C2
Z 2 2 2
a/A 9.052(2) 16.546(7) 18.443(7)
b/A 27.546(6) 4.490(1) 7.313(5)
c/A 9.808(3) 14.124(7) 15.038(6)
b () 115.28(2) 125.50(3) 122.19(5)
V/A3 2211.4(10) 854.2(6) 1716.5(15)
Dc/g cm
3 1.034 1.339 1.333
X-Ray wavelength 0.71073 0.71073 0.71073
m(Mo-Ka)/mm1 0.083 0.107 0.107
qmin/
 2.41 1.77 3.08
qmax (
) 26.37 27.94 27.39
Reflns collected 4388 1113 2090
reflns I > 4s(I) 2546 1020 1911
R1 (observed) 0.0722 0.064 0.0389
wR2 (all) 0.2218 0.1629 0.0940spectroscopic techniques. Crystal structures were obtained for
compounds 2, 3 and 4 (Fig. 1 and Table 1). Unfortunately all
attempts to crystallize compound 1 were not successful. The
crystal structure of the macrotetraolide 2, a 28 membered central
cycle, shows that it is quite prone to display a ring-shaped
molecule of flat conformation (Fig. 1). The X-ray analysis reveals
a molecule with a pseudo-quaternary symmetry which displays
a distance (A) between H8B and H38B of 6.83, and 8.39 between
H28B and H48B resulting in an area for the hollow of approxi-
mately 57 A2. The cis-tetrahydropyran rings are located in the
corners of the rectangle, all of them with the same conformation
in which the oxygen in position 3 is axial (Scheme 1). The 2-oxy-
ester moieties are in the anti disposition (with a O–CH2–CO–O
torsion angle of 165–178), setting the ester bond plane perpen-
dicular to the main plane of the macrocycle. This conformation
displays the four carbonyl oxygens on the same face of the
macrocyclic ring. The tetrahydropyran rings are slightly tilted
out of the plane of the macrocycle, with their oxygen atoms
pointing to the opposite face of the carbonyl oxygens.
However the most interesting feature of the crystal structure
emerged from the corresponding packing within the lattice: the
cis-macrotetraolide unit is connected with six other units trough
three intermolecular C–H/O hydrogen bonds: C22H/O1,
C42H/O31 and one bifurcated which links C25HA with O41
and O44 at the same time (Fig. 2a, 3a and Table 2). In all three
interactions the macrotetraolide acts, at the same time, asFig. 1 Molecular structures of compound
This journal is ª The Royal Society of Chemistry 2010a donor (by means of H22, H42 and H25A) and as an acceptor
(by means of O1, O31, O41 and O44), being generated in this way
the six intermolecular interactions per unit. Two-dimensional
layers, parallel to the ac plane are generated by means of the
C42H/O31 (translation along [100]), C22H/O1 (translation
along [001]) hydrogen bonds and van der Waals contacts
between H3B/O21 (1 + x, y, z), H37B/O43 (1 + x, y, z),
H33B/O41 (x, y, 1 + z), and C8/O23 (x, y,1 + z). This layers
are further linked, along the b axis, into a three-dimensional
network by two bifurcated C–H/O hydrogen bond interactions
per unit, between the hydrogen H25A and the two oxygen atoms
O41 and O44 (Fig. 3a). The macrocyclic rings are placed forming
long channels along the diagonal between axes a and c. The
extended structure reveals that each molecule of compound 2
stacks on top of two other units to form intertwining nanotubes
directed towards the same direction. The edge of each nanotube
is part of the wall of the two neighbouring nanotubes (Fig. 2).
Also, these monomers are aligned parallel but off-centred. Each
macrocycle is slightly shifted (0.79 A) from the previous one and
the stacks are tilted 4.5 off of perpendicular as measured by thes 2, 3 and 4 at 30% probability level.
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Fig. 3 a) Crystal packing of the nanotubular structure formed by macrotetraolide 2, showing the hydrogen atoms and oxygen atoms involved in CH/
O hydrogen bond (blue lines). b) Three dimensional packing arrangement of macrotetraolide 2. Using a probe radius of 1.2 A, the contact surfaces
represent the infinite channels.
Fig. 2 a) Columnar packing of macrotetraolide 2, showing the hydrogen atoms and oxygen atoms involved in CH/O hydrogen bonds (blue lines). b)
Schematic representation of the columnar packing showing the intertwining nanotubes and several parameters. c) Upper view of the van der Waals
cross-section of the hollow tubes along the diagonal between axes a and c (CPK model).
Table 2 Summary of intermolecular interactions (D–H/A; A, )
operating in the crystal structures of compounds 2–4
D/A D–H H/A D/A D-H/A
Symmetry
operation
Compound 2
C22 H22 O1 0.98 2.54 3.388(8) 145 x, y, 1 + z
C25 H25A O41 0.97 2.59 3.401(11) 142 x, 1/2 + y, 1  z
C25 H25A O44 0.97 2.59 3.240(10) 124 x, 1/2 + y, 1  z
C42 H42 O31 0.98 2.51 3.448(7) 160 1 + x, y, z
Compound 3
C4 H4B O3 0.97 2.58 3.496(18) 157 3/2  x, 1/2 + y, 1  z
C7 H7A O1 0.97 2.53 3.458(18) 161 1/2 + x, 1/2 + y, z
Compound 4
C27 H27B O1 0.97 2.52 3.224(5) 129 3/2  x, 1/2 + y, 1  zinclination in the channel axis with respect to the normal of the
macrocycle plane (Fig. 2b). The X-ray structure consists of an
array of nanotubes in which each tubular stack is surrounded by
four close neighbours, two of them arranged in the same3678 | CrystEngComm, 2010, 12, 3676–3683direction and the other two in the opposite direction such that
they cancel out their dipole moments (Fig. 3a). The packing
coefficient of this crystal is around 52.3%. This value is smaller
than those typical of organic crystals (66–77%)13 and is in
accordance with those obtained for some porous organic crys-
tals. The inner surface of the nanotube is an irregular rectangle
and its diameter can be estimated at approximately 4 A
(Fig. 3b).14 The channels inside the tubes contain some electron
density that should be associated with massively disordered
solvent. Noteworthy, these nanotubes are built up only exclu-
sively by weak intermolecular interactions such as CH/O
hydrogen bonds and van der Waals contacts, indicating the great
stability of the non-covalent organic framework.15
The stereochemistry of the tetrahydropyran unit is vital for
the formation of the nanotube. Thus, the trans-macrotetraolide
4 does not crystallize as hollow tubes, but rather, a completely
different structure is observed. In the X-ray of the trans-
macrotetraolide 4, the asymmetric unit is composed of only one
half of the molecule; the full macrocycle is generated by meansThis journal is ª The Royal Society of Chemistry 2010
Fig. 5 Side view of the columnar structure formed by macrotetraolide 4,
showing the hydrogen atoms and oxygen atoms involved in van der
Waals interactions (green lines). Schematic representation of stacked
saddles.of a crystallographic binary rotation axis. The molecule displays
a twisted saddle-like structure (Fig. 1). This structure has
arranged two of the trans-tetrahydropyrans in the stirrups
position and the other two in the pommel and in the cantle.
Also, the 2-oxy-ester moieties are present in anti and syn
conformations (with a O–CH2–CO–O torsion angle of 169
and 13, respectively). The two carbonyl groups belonging to
the syn 2-oxy-ester moieties are directed outward from the
central macroring and the other two belonging to the anti 2-oxy-
ester moieties are directed inward. The oxygen atoms of the
latter are involved in van der Waals contacts with hydrogen
atoms H22, helping to keep the centre ring collapsed and thus
generating a folded structure. Additionally, in the crystal
structure each asymmetric unit is connected with other two
through a C–H/O hydrogen bond: C27HB/O1 (Fig. 4 and
Table 2). In this interaction, the asymmetric unit acts, at the
same time, as a donor (by means of H27B) and as an acceptor
(by means of O1), being generated in this way the two inter-
molecular interactions. The other symmetric half of the mole-
cule is engaged in a set of equivalent hydrogen bonds. As
a result, each full macrocyclic molecule is associated with
another four in a two-dimensional network of hydrogen bonds,
parallel to the bc plane, generated by means of the C27HB/O1
hydrogen bonds (Fig. 4 and Table 2). These sheets are further
linked, along the c axis, into a three-dimensional network by
means of van der Waals contacts. The trans-macrotetraolide 4
units fit on top of each other, like stacked saddles, to form
a columnar structure along the b axis. This is a consequence of
the high complementarity between the top and bottom parts of
the molecule along this axis (Fig. 5). The monomers are held
together (along the b axis) by van der Waals contacts between
H1/O21 (2  x, 1 + y, 1  z), H4B/O3 (x, 1 + y, z),
H8A/H23B (x, 1 + y, z), and H27A/H24B (x, 1 + y, z).
Also, the X-ray reveals a structure consisting of an array of
columns in which each column is surrounded by four close
neighbours, yet in this case the columns are displayed in
parallel.Fig. 4 a) Crystal packing of macrotetraolide 4 showing the hydrogen atom
Upper view of the columnar packing.
This journal is ª The Royal Society of Chemistry 2010The relevance of the size of the macrocycle was also studied for
the trans-isomers. The X-ray analysis of the macrodiolide 3, a 14
membered central ring, reveals a C2 symmetry molecule with
a practically flat structure (Fig. 1). The crystal structure of the
macrodiolide 3 is quite similar to that of the trans macrotetrolide
4. The main difference is that in the dimer 3 the oxygen atoms of
the carbonyl groups participate in the hydrogen bonds. Thus, the
asymmetric unit is only composed of one half of the molecule and
the full macrocycle is generated by means of a crystallographic
binary rotation axis. The trans-tetrahydropyran rings are located
in the same plane of the central macrocycle, and with both
substituents in equatorial position. The rectangular shaped
cavity shows small dimensions. The hydrogen atoms H8A on C8s and oxygen atoms involved in CH/O hydrogen bond (blue lines). b)
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and C8A point inward, with an intramolecular H/H distance of
2.27 A, filling most of the interior cavity. Additionally, the 2-oxy-
ester moieties are in a quasi-syn disposition (with a O–CH2-CO–
O torsion angle of 25.1), with both carbonyl groups directed to
the same face of the macrocyclic ring, but with an inclination of
45 respect to the channel axis.
In the crystal structure, each asymmetric unit is connected with
other four through two C–H/O hydrogen bonds: C4HB/O3
and C7HA/O1 (Table 2). In both interactions, the asymmetric
unit acts, at the same time, as a donor (by means of H4B and
H7A) and as an acceptor (by means of O3 and O1), being
generated in this way the four intermolecular interactions. TheFig. 6 a) Crystal packing of macrodiolide 3 showing the hydrogen atoms and
view of the columnar packing.
Fig. 7 Side view of the nanotubular structure formed by macrodiolide 3. Sche
the carbonyl groups.
3680 | CrystEngComm, 2010, 12, 3676–3683other symmetric half of the molecule behaves in a similar way. As
a result, each full macrocyclic molecule is associated with another
eight in a three-dimensional network of C–H/O hydrogen
bonds. In first place, two-dimensional hydrogen-bonding
networks, parallel to the bc plane are generated by means of the
C4HB/O3 hydrogen bonds and then the two-dimensional
arrangements are further linked, along the c axis, into the three-
dimensional network by means of the C7HA/O1 hydrogen
bonds (Fig. 6a and Table 2). As it is shown in Fig. 7, a decrease in
the cavity size of the macrocycle does not affect the tendency for
stacking into nanotubes. In contrast, an infinite nanotube along
the b axis is formed, although in this case the nanotube is cappedoxygen atoms involved in CH/O hydrogen bond (blue lines). b) Upper
matic representation and the angle displayed between the channel axis and
This journal is ª The Royal Society of Chemistry 2010
inside by the hydrogen atoms H8A. Flat ring-shaped macro-
diolide monomers are held together (along the b axis) by back-
bone-backbone van der Waals contacts between the axial
hydrogen atoms from the tetrahydropyran rings [H2/H3A (x,
1 + y, z), H1/H2 (x, 1 + y, z) and H1/H8B (2  x, 1 + y, 2 
z)] and carbonyl-carbonyl dipole interactions. The equivalent
carbonyl groups are parallel, and the intermolecular distance
between the carbonyl oxygen of one unit and the carbonyl
carbon of the next unit is 3.751(9) A. This distance is bigger than
the sum of their van der Waals radii (rO + rCz 3.15 A) and also
the angle between the lone pair (n) of the carbonyl oxygen
and the antibonding orbital (p*) of the carbonyl carbon is
unfavourable, therefore, an electronic delocalization through an
n/ p* interaction, can be discarded.16 However, this distance is
in agreement with a carbonyl-carbonyl interaction in a parallel
fashion of type III, according with the classification proposed by
Allen,17 where the proximity of the carbonyl groups produces
a simple Coulombic attraction between the negatively polarized
O and the positively C (Fig. 7).18 These interactions can work in
a positive cooperative way, making the assembling even more
stable. Each macrodiolide is perpendicular to and centred on the
crystallographic secondary axis in the crystal of 3. The X-ray
structure consists of an array of nanotubes in which each tubular
stack is surrounded by four close neighbours. However, beyond
all expectations, the crystal packing found shows all the nano-
tubes oriented in parallel in the same direction (Fig. 6b).
Taking into account the results obtained with macrotetraolide
2 and macrodiolide 3 in the formation of nanotubes, it seems
extremely important the degree of inclination of the carbonyl
groups with respect to the plane of the macrocycle, so that the
carbonyl-carbonyl interactions play the key role to build up the
nanotube. In macrotetraolide 2 this angle is around 87, making
very difficult the direct approach between the carbonyl oxygen
atoms of one unit and the carbonyl carbon atoms of the next one
due to the steric hindrance. However, in macrodiolide 3 this
angle is 135 (or 45 respect to the b axis) allowing the approach
between the carbonyls in a parallel fashion as shown in Fig. 7.
Moreover, the value of this angle is optimal to maximize the van
der Waals contacts between the backbones of the macrocycles,
making the assembling even more stable.Conclusions
In summary, there are two important factors for the tubular self-
assembly to take place: the tendency of the macrocycle to display
a void space and the existence of a net of molecular interactions
oriented in a suitable way to allow the stacking. We have shown
that weak interactions, such as backbone-backbone van der
Waals contacts, carbonyl-carbonyl dipole interactions and C–
H/O hydrogen bonds interactions can be used to build up
nanotubes. The stereochemistry of the tetrahydropyran unit is
vital, and whereas the cis-tetrahydropyran-tetramer 2 yields a set
of intertwined nanotubes arranged antiparallely along the dia-
gonal between axes a and c, the trans-tetrahydropyran-tetramer 4
yields a columnar structure along the b axis. However, the size of
the macrocycle is not a determining factor and a smaller nano-
tube made from macrodiolide 3 is possible. In this case the
nanotubes are displayed in parallel, and a cooperative carbonyl-
carbonyl dipole interaction builds up the nanotube. Thus,This journal is ª The Royal Society of Chemistry 2010apparently flexible macrocycles, lacking appropriate moieties to
display strong directional interactions are able to yield a priori
unexpected self-assembled nanotubes.Experimental
All reagents were commercially available and used as received.
1H NMR spectra were recorded on Brucker Advance spec-
trometers 400 and 300 at 400 and 300 MHz, respectively; 13C
NMR spectra were recorded at 75 MHz, and chemical shifts are
reported relative to internal Me4Si. Infrared spectra were
obtained in KBr disks on a Bruker IFS 55 FTIR spectrometer in
the range of 4000 600 cm1. Elemental analyses of C, H, and N
were determined with a Fisons EA 1108 CHNS–O elemental
analyzer. HRMS data were recorded using a Fisons instruments
VG Autospec. Optical rotations were determined for solutions in
chloroform. Column chromatography was performed on silica
gel, 60 A and 0.2–0.5 mm and Sephadex LH-20. Compounds
were visualized by use of UV light, 2.5% phosphomolybdic acid
in ethanol or vanillin with acetic and sulfuric acid in ethanol with
heating. All solvents were purified by standard techniques.
Reactions requiring anhydrous conditions were performed under
nitrogen. Anhydrous magnesium sulfate was used for drying
solutions.Synthesis
Preparation of the macrodiolide 1 and macrotetraolide 2. To
a solution of the cis-hydroxy acid 510 (27 mg, 0.07 mmol) in dry
THF (6.13 mL, 0.012 M) at room temperature, were added Et3N
(20 mL, 0.15 mmol) and 2,4,6-trichlorobenzoyl chloride (15 mL,
0.1 mmol). After 2 h, the mixture was diluted with dry toluene
(61 mL, 0.0012 M) and added slowly over DMAP (90 mg,
0.7 mmol) in boiling toluene (12 mL). The mixture was stirred at
reflux for 1h. The solvent was evaporated and the residue purified
by size exclusion chromatography (Sephadex LH-20 and MeOH
as the mobile phase) to yield the macrodiolide 1 (5.1 mg, 20%
yield) as an oil, and the macrotetraolide 2 (10.1 mg, 40% yield) as
a white solid and oligomers (10 mg). Macrodiolide 1: [a]25D ¼ 
31.2 (c 0.33, CHCl3);
1H NMR (CDCl3) d 1.41 (d, J ¼ 12.6 Hz,
2H), 1.68  1.77 (m, 2H), 1.85  1.97 (m, 2H), 2.10 (d, J ¼
14.2 Hz, 2H), 3.50 (ddd, J ¼ 1.8, 1.8, 11.8 Hz, 2H), 3.62 (dd, J ¼
5.4, 5.4Hz, 2H), 3.67  3.77 (m, 4H), 4.05 (d, J ¼ 14.2 Hz, 4H),
4.16 (d, J ¼ 14.3 Hz, 2H), 5.08 (s, 2H); 13C NMR (CDCl3) d 20.6
(t), 27.2 (t), 68.1 (t), 68.2 (d), 70.4 (t), 70.8 (t), 76.2 (d), 169.4 (s);
IR (film) (cm1): 2928, 2854, 1736, 1217, 1095; MS (FAB) m/z
(relative intensity): 367 (M + Na)+ (19), 135 (8), 81 (51), 69 (100);
HRMS (FAB) calcd for C16H24O8Na (M + Na)
+: 367.1369,
found: 367.1387. Macrotetraolide 2: mp 135  139 C; [a]25D ¼ 
42.7 (c 1.4, CHCl3);
1H NMR (CDCl3) d 1.40 (d, J ¼ 13.0 Hz,
4H), 1.57  1.92 (m, 8H), 2.06 (d, J ¼ 13.4 Hz, 4H), 3.32  3.68
(m, 12H), 3.99 (m, 4H), 4.05 (d, J ¼ 16.8 Hz, 4H), 4.21 (d, J ¼
16.8 Hz, 4H), 5.01 (s, 4H); 13C NMR (CDCl3) d 20.5 (t), 27.6 (t),
68.0 (d), 68.2 (t), 71.4 (t), 77.2 (d), 169.8 (s); IR (film) (cm1):
2954, 2855, 2362, 1751, 1437, 1202, 1132, 1094; MS (FAB) m/z
(relative intensity): 711 (M + Na)+ (8), 367 (5), 173 (16), 97 (100),
69 (17); HRMS (FAB): calcd for C32H48O16Na (M + Na)
+:
711.2840, found: 711.2793.CrystEngComm, 2010, 12, 3676–3683 | 3681
Preparation of the macrodiolide 3 and macrotetraolide 4. The
same procedure used above to obtain compounds 1 and 2 was
applied to trans-hydroxy acid 610 on a 50 mg (0.11 mmol) scale,
yielding macrodiolide 3 (19 mg, 55% yield) as a white solid and
macrotetraolide 4 (12 mg, 35% yield) as a white solid: Macro-
diolide 3: mp 108  111 C; [a]25D ¼ +44.1 (c 1.4, CHCl3); 1H
NMR (d, CDCl3): 1.18–1.23 (m, 1H), 1.45–1.75 (m, 6H), 2.26 
2.31 (m, 1H), 3.41 (ddd, J¼ 3.1, 11.4, 11.4 Hz, 1H), 3.48–3.68 (m,
3H), 3.93–3.98 (m, 2H), 4.29 (d, J¼ 16.9, 1H), 4.50 (ddd, J¼ 4.9,
10.3, 10.3 Hz, 1H); 13C NMR (d, CDCl3): 24.6 (t), 29.1 (t), 67.6
(t), 68.8 (t), 69.3 (d), 71.9 (t), 78.7 (d), 169.6 (s); IR (film)(cm1):
2949, 2863, 1734, 1261; MS (FAB) m/z (relative intensity): 367
(M + Na)+ (7), 345 (M + H)+ (30), 307(14), 173 (31), 97 (93);
HRMS (FAB): calcd for C16H25O8 (M + H)
+: 345.1549, found:
345.1558. Macrotetraolide 4: mp 152–155 C; [a]25D ¼ +28.2 (c 1.3,
CHCl3);
1H NMR (d, CDCl3): 1.48 (dddd, J ¼ 4.6, 12.0, 12.0,
12.0 Hz, 4H), 1.68–1.80 (m, 8H), 2.16–2.20 (m, 4H), 3.34–3.46
(m, 8H), 3.54 (dd, J ¼ 6.0, 10.0 Hz, 4H), 3.73 (d, J ¼ 10.0 Hz,
4H), 3.95 (d, J ¼ 10.6 Hz, 4H), 4.11 (dd, J ¼ 17.0, 17.0 Hz, 8H),
4.76 (ddd, J¼ 4.7, 10.4, 10.4 Hz, 4H); 13C NMR (d, CDCl3): 24.8
(t), 29.1 (t), 67.7 (t), 68.6 (t), 68.7 (d), 71.5 (t), 78.7 (t), 169.5; IR
(film)(cm1): 2949, 2857, 1753, 1456; MS (FAB) m/z (relative
intensity): 711 (M + Na)+ (66), 689 (M + H)+ (11), 173 (14), 136
(39), 97 (100), 73 (28); HRMS (FAB): calcd for C32H49O16 (M +
H)+: 689.3021, found: 689.2986.
Crystals of all compounds were grown under identical condi-
tions, from a solution of the macrooligolide in dichloromethane
by vapor-phase equilibration with nhexane.
Crystal structure determination
The structure was solved by direct methods using SIR97.19
Refinement was performed with SHELXL-9720 using full-matrix
least squares with anisotropic thermal parameters for all non-H
atoms. The hydrogen atoms were placed at idealized positions.
Data reduction and cell parameters refinement for the macro-
tetrolides 2 and 4, and for macrodiolide 3 were carried out with
the programs COLLECT21 and DENZO.22 The absolute struc-
tures were established based on chemical grounds.
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